Background: An association between childhood asthma and IgE sensitization has been established, but our understanding of the genetic and environmental contribution to it is incomplete. Our aim was to estimate the associations and dose-response relationship between asthma and sensitization to airborne allergens in Swedish 9-to 14-year-old twins. Additionally, we aimed to explore the importance of familial confounding from shared genes and environment using co-twin controls. Methods: In the STOPPA cohort, 752 same-sex twin children were screened with Phadiatop R (Thermo Fisher Scientific; Pharmacia, Uppsala, Sweden); if positive further analysis of IgE antibodies to airborne allergens of pets (cat, horse, dog), pollens (birch, timothy, mugwort), mites, and mold were performed. The associations between asthma and airborne allergens were assessed with generalized estimating equations. The co-twin control analysis was performed by conditional logistic regression. 
Allergic sensitization, an immunoglobulin E (IgE) antibody response to common environmental allergens, is associated with asthma (Craig, 2010; Johansson et al., 2004) . Furthermore, sensitization to airborne allergens has been shown to be linked to asthma severity, particularly in children (Carroll et al., 2006; Craig, 2010; Simpson et al., 2005) . However, not all sensitized individuals develop asthma and, conversely, asthma patients are not always sensitized (Illi et al., 2001) . Clinical and epidemiological studies have demonstrated considerable variability in the associations between asthma and total serum IgE (Stromgaard et al., 2011) , between asthma and a variety of specific IgEs (sIgEs; Almqvist et al., 2007; Arroyaye et al., 2013; Ghunaim et al., 2006; Gruchalla et al., 2005; Hoffmann-Petersen et al., 2013; Lévesque et al., 2005; Rotsides et al., 2010; Simpson et al., 2005) , and between asthma and total or sIgEs in geographically disparate cohorts (Weinmayr et al., 2007) .
Both environmental factors and genetic effects may play a part in these associations. Asthma heritability studies have provided evidence of a substantial genetic contribution, with estimates varying from 50% to 90% (Thomsen et al., 2010; Ullemar et al., 2016) . For sensitization, studies have confirmed a genetic influence, albeit with considerable modification by environmental effects (Duffy et al., 1998; Strachan et al., 2001) .
To examine the influences of genes and environment, twins as a research population offer unique opportunities. Specifically, a co-twin control design on disease-discordant twin pairs is a powerful methodology when exploring associations between exposure and outcome as confounding -by sex, age, unmeasured shared familial factors, and to some extent genes -can be controlled for (Boomsma et al., 2002) . Further, stratification by zygosity may indicate the relative importance of confounding by genetic or familial environmental factors, since dizygotic (DZ) twins share on average 50% of their segregating genes, and monozygotic twins (MZ) share 100%.
Based on the STOPPA cohort (the Swedish Twin study On Prediction and Prevention of Asthma; Almqvist et al., 2015) , the aim of this study was to investigate the associations and dose-response relationship between asthma and sensitization to airborne allergens in twin children. Additionally, we aimed to explore the importance of familial confounding from shared genes and environment through a co-twin control analysis.
Methods

Study Design and Recruitment
The STOPPA twins were recruited from the Childhood and Adolescent Twin Study in Sweden cohort (CATSS), a study initiated in 2004 that included all twins born from July 1992 and onwards (N ∼23,900 children), identified through the Swedish Twin Registry (Anckarsater et al., 2011) . Based on questions validated through the International Study of Asthma and Allergies in Childhood (ISAAC; Asher et al., 1995) , on asthma ever (yes/no) and wheezing (current or after three years of age), present in the CATSS interview material, an algorithm was created to identify twins aged 9 to 14 years discordant or concordant for asthma. Since most twin pairs in the CATSS cohort were healthy concordant, a larger proportion of the asthma concordant and asthma discordant pairs were invited to obtain equal-sized categories. In the final STOPPA study population, 31% was classified as asthma concordant, 38% as asthma discordant, and 31% as healthy concordant, according to the recruitment algorithm of asthma status. This has been described in detail elsewhere .
The study was approved by the Regional Ethical review board in Stockholm, Sweden. Informed consent for the study was obtained from all the participants and their parents.
Data Collection
Questionnaires. All 752 twins and their parents completed questionnaires. The parental questionnaire included questions on the parents' background, lifestyle, and medical history, followed by sections on each twin's lifestyle, general health status, medical history with primary focus on respiratory diseases, symptoms and medication, physical activity, stress, and socio-economic factors. The child questionnaire included questions on physical activity, respiratory symptoms, asthma, other allergic diseases, puberty, and stress.
Zygosity. Data on zygosity were obtained from the CATSS study. A majority (82%, 618 children) had their zygosity determined by DNA analysis, with the remaining pairs assessed through an algorithm of five questions on twin similarity, a technique validated to determine zygosity with at least 95% accuracy (Anckarsater et al., 2011 
Variables
Asthma outcomes. Two asthma outcomes were defined. The first, 'parent-reported asthma' , was based on the updated information on the children's morbidity status obtained from the STOPPA parental questionnaire, with positive outcome defined by the questions 'Does your child have
TWIN RESEARCH AND HUMAN GENETICS
asthma?' (yes) and/or 'Has your child wheezed in the past 12 months?' (yes). The second, 'register-based asthma' , was defined as a physician's diagnosis of asthma recorded in the NPR and/or dispensed medication data from the SPDR. In order not to include one-time asthma medication users, the medication criteria were set to more than two dispenses of glucocorticoids, fixed combinations of glucocorticoids and beta-2-agonists, or leukotriene receptor antagonists independent of time between distributions, or more than three of the aforementioned drugs, with the addition of selective beta-2-agonists, within a 12-month-period (Ortqvist et al., 2013) .
Phadiatop and specific (s) IgE. For all sIgEs, binary and categorical variables were created, the latter with ranges <0. 35, 0.35-0.69, 0.7-3.4, 3.5-17.4 , ≥17.5 kU/l. Continuous sIgE measurements below the level of quantification were assigned the value 0.09 kU/l, and measurements reported as >100 were set to 100 kU/l.
Although sIgE measurements only existed for study participants with positive Phadiatop R tests, it can be inferred that individuals testing negative would not have levels of sIgE ≥0.35 kU/l. Hence, these participants were assigned the value 0.09 kU/l for each sIgE.
Statistical Analyses
Generalized estimating equations (GEE) models with the logit link and exchangeable correlation matrix within twin pairs were used to obtain odds ratios (ORs) with 95% confidence intervals (CIs) for all asthma outcomes, with sensitization levels analyzed as binary, categorical (with test for linear trend), and continuous variables for the all-twins analyses. To investigate possible modification of results by gender or age (9-11 vs. 12-15 years), analyses were repeated with the introduction of interactions terms between these variables and sensitization levels. For the analysis of associations within twin pairs, a co-twin control analysis was conducted among the pairs discordant for both asthma outcome and sensitization, as binary, categorical (with tests for linear trend) and continuous sIgE, using conditional logistic regression models. Here, twin pairs with sensitization data missing for either of the two twins (41 individuals) were automatically excluded. For all the analyses, we used 5% significance level. Statistical analyses were performed using Stata Statistical Software, Release 13 (Stata Corp, 2013) .
Results
In the final study population (n = 752; 376 pairs) 410 twins were MZ (54%) and 342 DZ (46%). For the two asthma outcomes, the distributions of zygosity, gender, and year of birth were similar to the total study population, except that a larger proportion of MZ twins had register-based asthma.
In total, 699 children (93%) were tested for Phadiatop R of whom 277 (40%) screened positive (Table 1) . With the outcome register-based asthma, the associations for sensitization (binary variable and trend analysis) for all pets and pollen allergens remained, although with slightly smaller estimates (Table S1 ). Statistically significant increases in odds were obtained for sensitization as a continuous variable for cat, horse, and birch allergens, ranging from 2% (birch, CI: [1.02, 1.03]) to 4% (horse, CI: [1.02, 1.06]) per kU/l.
The associations between sensitization to any sIgE and any of the asthma outcomes were not significantly modified by age and gender (data not shown).
Results from the co-twin control analyses for the association between sensitization and parent-reported asthma are displayed in Estimates for MZ and DZ asthma-discordant twins exhibited wider confidence intervals, but they were still in line with the odds ratios from the all-twins analyses (Figure 1) . For register-based asthma, a larger proportion of the estimates in the co-twin control analyses were not statistically significant (Table S2 ). However, the associations for sensitization to all pet and pollen allergens remained with increasing odds, except for horse and mugwort sensitization (trend analyses) where the estimates were smaller.
Discussion
In this cohort of twin children with asthma status determined through both questionnaires, medical records and prescribed medications, combined with objective markers of sensitization, we have demonstrated statistically significant associations between childhood asthma and sensitization to airborne allergens. The results largely remain in co-twin analyses, which adjust for factors shared within twin pairs, indicating they are not due to confounding from shared environmental or genetic factors. We have also found a dose-response relationship between asthma and increasing IgE levels to pollen and pets, which mostly remained in the co-twin control analyses.
Our cohort analyses highlighted significant associations between sensitization to pet and pollen allergens and asthma morbidity, which is in line with several previous studies (Lévesque et al., 2005; Simpson et al., 2005; Simpson et al., 2015) . The novelty of our study is that many of these associations remain within twin pairs, although with wider confidence intervals for both MZ and DZ pairs. This has not been shown before, and highlights even further the strength of the associations. Simpson et al. (2015) , who in their study on 11-year-old children tested allergen components grouped into categories, found the category including all domestic pet allergens to be most strongly associated with asthma morbidity. Lévesque et al. (2005) found significant differences in sensitization to cat in children with and without asthma, whereas none were observed for dog and timothy sensitization. In accordance with Ghunaim et al. (2006) , we noted higher estimates for the associations for birch pollen and asthma than for timothy.
Sensitization patterns and prevalence vary with geographical location (ISAAC, 1998) . Prevalence of mold sensitization was low in our cohort. As for mite antibodies, the Note: Numbers in italics indicate number of exposure-and disease-discordant children. Some OR estimates were not possible to calculate due to co-variation in data; in all of those disease-discordant twin pairs, the twin with asthma also had the highest rate of IgE. *Linear trend across the categories. MZ = monozygotic twins, DZ = dizygotic twins.
prevalence was on par with the levels of pets and pollen antibodies. Still, we only observed a weak association between sensitization to Der p as a binary variable and parentreported asthma. Previous studies have published conflicting results on the associations between asthma and mite sensitization Gruchalla et al., 2005; Ronmark et al., 2003; von Hertzen & Haahtela, 2009 ). In keeping with previous studies we found a distinct doseresponse relationship, with increasing odds of asthma with increasing sIgE levels of cat, dog, horse, birch, and mugwort (Arroyaye et al., 2013; Gruchalla et al., 2005) , but not of timothy (Rotsides et al., 2010) . The point estimates of our co-twin control analyses were similar to those in the all-twins analyses, in particular for cat and horse sensitization. Moreover, we found comparable estimates for MZ and DZ twins, although with wide confidence intervals. Thus, we found no indication of genetic confounding. Only a few previous twin studies have explored the genetic and environmental factors regulating asthma phenotypes. Wu et al. (2010) showed that genetic effects accounted for a substantial part of the variation in asthma phenotypes such as total IgE, sIgEs, and skin prick tests, whereas Strachan et al. (2001) found that genetic factors influence susceptibility to allergic disease and sensitization to airborne allergens, although with a considerable modifying role for environmental factors.
Although many epidemiological studies have focused on the connection between asthma and sensitization, only a fraction of these have deployed the powerful methodologies of twin designs, and the ones that have (Duffy et al., 1998; Strachan et al., 2001; Wu et al., 2010) , have exclusively studied adult populations. Our study based on the STOPPA twins is, to our knowledge, the first on twin children. Its strengths are the relatively large sample size, combined with validated data from questionnaires, national health registers and objective markers of allergic sensitization, collected in a standardized manner, thus ensuring commensurable results.
Still, the results of this study should be assessed together with its limitations. Recall bias as well as seasonal variability of asthma symptoms may have influenced questionnaire data. To mitigate the latter we chose the time frame of the preceding year when inquiring about respiratory symptoms. As for recall bias it is noteworthy that our results based on questionnaire data were confirmed by those based on data from external sources. An additional limitation was insufficient power in the final co-twin control analyses, resulting in wide confidence intervals of the odds ratios. However, the results largely support the findings from the cohort analysis, indicating positive associations between asthma and sensitization to pet and birch allergens. Furthermore, objections toward the assumptions inherent in twin models, such as absence of gene-environment interaction and their generalizability to non-twin populations have been brought forward. Twins differ from singletons in several aspects, such as birth weight and neonatal respiratory morbidity. Regardless, several studies (Thomsen et al., 2008; Ullemar et al., 2015) have concluded that results from twin studies on asthma can be generalized to the general population.
In conclusion, we believe the insights obtained in this paper add to the knowledge on how to interpret sensitization among children, suggesting that sIgE levels to pet and pollen allergens are strongly associated with asthma morbidity. Since a single diagnostic test currently does not exist for asthma, a more detailed understanding of the sensitization patterns that pose the higher risk of disease may provide valuable addition to the models of asthma prediction and prognosis. Emerging therapeutic interventions in allergic disorders emphasize the need to identify the correct patient groups.
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